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Abstract

This paper presents an experimental testing of two short-fiber reinforced com-

posites (SFRC). The two materials are a polyphthalamide with 33% glass fiber

inclusion (PPA-GF33) and a polyphenylene sulfide with 40% glass fiber inclu-

sion. Rectangular plates were obtained from these two materials by injection

molding. Specimens, type 1BA, according to ISO 527-2, were cut out with ori-

entations of 0�, 15�, 30�, 45�, 60�, and 90�, with respect to the longitudinal

direction of the plate. The cutting was conducted using a CNC water jet

machine. Tension tests were performed at room temperature, in order to

determine the mechanical behavior. Results are presented in the form of

stress–strain curves, considering different orientations of the specimens. The

experimental results were processed in order to assess the differences that

appear due to fiber orientation. A comparison between the two materials was

performed in terms of Young's modulus, tensile strength, and tensile strain.

The experimental data were used to calibrate the Tsai–Hill fracture criterion.
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1 | INTRODUCTION

The use of short fiber reinforced polymers (SFRP) is constantly increasing because of the advantages that this type of
material is providing. One of the most important advantage is that they are produced by injection molding method. This
is a very attractive process because it allows rapid processing, high volumes that can be produced, and complex geomet-
ric shapes that can be obtained without expensive post-production machining. The second advantage represents their
lightweight. This makes them suitable for all kinds of applications in many industries. The understanding and charac-
terization of SFRP, from a mechanical point of view, are a continuous need for the industry to develop better products
and more cost efficient.

One disadvantage of SFRP is that they present anisotropic behavior. This makes them harder to be characterized
and requires more advanced testing procedures.

The principal factor that affects the mechanical properties of SFRP is the fiber orientation. There are many factors
that affect the fiber orientation such as injection point position, injection speed, injection pressure, mold temperature,
fiber content, part geometry, and overall thickness.1–4 Many studies are conducted to present the effects of fiber orienta-
tion on to the mechanical response of composite materials.5–21

Many of the material suppliers commonly classify thermoplastic polymers using a pyramid like structure.22,23 The
faces of the pyramid are represented by the polymer structure (amorphous or semi-crystalline), and the height usually
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corresponds to an increase in cost, performance and difficulty of forming. At the bottom, we have the standard plastics
(used for high consumption applications), engineering plastics (applications that require at least one advanced charac-
teristic), and high-performance plastics (applications that demand higher temperatures and mechanical properties).
Some variations of this classification can be seen that place ultra-performance plastics, such as polyetheretherketone
(PEEK), at the top.

2 | MATERIALS

Two thermoplastic materials are studied in this paper. Both are provided by Solvay Group. One of the materials is a
polyphthalamide (PPA) with glass fiber inclusions of 33% (GF33). In the market, this material can be found under the
trade name of Amodel AE-4133. The second material is a polyphenylene sulfide (PPS) with glass fiber inclusions of 40%
(GF40). In the market, this material can be found under the trade name of Ryton R-4-270. They both have a
semi-crystalline structure and are included in the high-performance polymers. This puts them on top of the previous
mentioned pyramid. The two materials are widely used in the automotive industry.

3 | EXPERIMENTAL TESTING

The materials were delivered as rectangular plates, with nominal measures of 100 mm length, 80 mm width, and 2 mm
thickness. The plates were obtained using injection molding process. These rectangular plates were cut from a longer
plate, having a length of 300 mm, in order to obtain a good orientation of the fibers. Only the last third of this long plate
was delivered for testing.

Dog bone specimens were cut via water jet machine according to ISO 527-2.24 Due to the small dimensions of the
plates (100 mm � 80 mm � 2 mm), probes type 1BA were used, see Figure 1B. Because of the water jetting process,
rough surfaces resulted. All probes were sanded on their cut sections to reduce the number and severity of stress
concentrators. To have specimens with a uniform fiber orientation distribution, only one dog bone specimen was cut
from the middle of the plate for 15�, 30�, 45�, and 60� orientation. For 0� and 90� orientation, two specimens were cut
from each plate. All these orientations can be seen in Figure 1A. A number of five specimens were tested for all
orientations. In the end, a set of 60 (30 for PPA-GF33 and 30 for PPS-GF40) dog bone specimens were investigated.

All tensile tests were performed on an Instron 8874 biaxial servo-hydraulic testing system, fit for axial, torsion, and
combined axial-torsion tests. Only the axial static capabilities of the machine were used this time. The machine is
equipped with Series 2742-30 kN fatigue rated hydraulic wedge grips, which allow for precise control of tightening
pressure in order to avoid specimen's slippage. Also, the design of the grips automatically compensates for changes in
specimen's thickness to maintain the grip force constant during the tests. The tests have also benefitted of the Instron

FIGURE 1 (A) Specimen orientations to the melt flow direction (θ angle) and (B) dog bone specimen dimensions (thickness 2 mm)
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SVE1 (Standard Video Extensometer 1) 2663-822, non-contacting video extensometer, which records accurate axial
strain data of the specimens during testing, until breaking point.

The tensile tests were conducted according to ISO 527-1.25 Only room temperature was considered in this phase. A
testing speed of 5 mm/min was used. In all cases, during the tensile tests, no necking was observed, and the fracture is
quasi–brittle.

4 | RESULTS

The results in terms of engineering stress and strain are presented in Figure 2 for both materials (PPA-GF33 and
PPS-GF40). A typical response for SFRP was obtained. For both materials, the influence of the fiber orientation
is substantial. To better compare the results, the same scale was kept, both for stress axis and strain axis.
Five tests were performed for all the considered directions, only one representative curve was plotted in the
graphs.

All the results in terms of mean values, standard deviation, and coefficient of variation for Young's modulus, tensile
strength, and strain at break function of testing angle are presented in Table 1.

Comparing the materials from a strain point of view, we can identify that PPA-GF33 has a more ductile behavior in
comparison with PPS-GF40. Usually, the ductility increases with the angle of testing (θ). This behavior is more evident
for PPA-GF33. Exception makes the 90� angle that has a smaller strain at break compared with 60�, thus changing the
increasing trend. For PPS-GF40, an increase in ductility up to the 30� orientation is obtained. After this angle, the
ductility starts to decrease until 90�. Even if this decrease appears, the differences in strain in this range (between 30�

and 60�) are minimal (around 7%). The fiber content also influences the ductility. A higher fiber content will lead to a
decrease in ductility, with an increase in rigidity and strength.3,6

For both materials, the stress at break is decreasing with the angle. The strength at break for 90� is approxi-
mately half of the strength obtained at 0�. This behavior is similar for both PPA-GF33 and PPS-GF40. Comparing
the two materials, Figure 2 shows the results function of angle of testing. Smaller differences can be seen at
the two extremes (0� and 90�). The difference is around 4%. In between this range, differences up to 12% can
be seen.

The tensile modulus was computed according to ISO 527-1,25 using the chord slope methodology. The strain range
considered for this method is 0.05%–0.25%. In order to obtain the stresses at these precise strain values, linear interpola-
tions were performed between the test data points. The results are presented in Table 1 and Figure 4. We can see that
the variation of the Youngs's modulus is similar for both materials (it decreases with the orientation). Percentwise, this
decrease is roughly 50% (from the 0� to 90� orientation). The PPS-GF40 is, on average, with 35% stiffer in comparison
with the PPA-GF33.

FIGURE 2 Engineering stress–strain curves obtained from tensile tests considering different orientation for (A) PPA-GF33 and

(B) PPS-GF40
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The experimental data were used to calibrate the Tsai–Hill fracture criterion.26 According to previous studies,11,27

the failure criteria for transversal isotropic material under plane stress state have the following expression:

σ21
T2
1

þσ22
T2
2

�σ1 �σ2
T2
1

þ τ212
S212

¼ 1 ð1Þ

In Equation 1, T1 and T2 are defined as the tensile strengths of the material in the principal directions (T1 corresponds
to the 0� orientation and will be denoted as T0�, T2 corresponds to the 90� orientation and will be denoted as T90�) and
S12 is defined as the shear strength.

Deriving from the same equation,11 the tensile strength according with Tsai–Hill fracture criterion is

Tθ ¼ cos4θ
T2
0�

þ 1

S212
� 1
T2
0�

 !
sin2 θ cos2θþ sin4 θ

T2
90

�

" #�0:5

ð2Þ

In expression 2, Tθ represents the material strength for a certain angle orientation. Two shear strengths (S12) were con-
sidered for the analytical model. Both of them are based on the tensile strength of the 45� specimen orientation (T45�).
These shear strengths are based on the Tresca criterion according to Equation 3, respectively the von Misses criterion
according to Equation 4.

S12 ¼T45
�

2
ð3Þ

S12 ¼T45�ffiffiffi
3

p ð4Þ

The strength prediction according to Tsai–Hill, for the two shear strengths considered, are presented in Figure 3, in
comparison with the test results for both PPA-GF33 and PPS-GF40.

The strength prediction is more accurate if we consider the shear strength according to the von Misses criterion. For
the Tresca model, the strength prediction between 45� and 75� orientation is smaller than the strength obtained at 90�

orientation. This is not consistent with the obtained experimental results. For the PPA-GF33, the largest prediction

TABLE 1 Mean values (μ), standard deviation (σ), and coefficient of variation (CV) for Young's modulus, tensile strength, and strain at

break function of orientations for PPA-GF33 and PPS-GF40

Mat. θ (�)

Young's modulus Tensile strength Strain at break

μ (MPa) σ (MPa) CV (%) μ (MPa) σ (MPa) CV (%) μ (%) σ (%) CV (%)

PPA GF33 0 11,698 ±314 2.7 186 ±1 0.8 2.20 ±0.14 6.4

15 10,023 ±269 2.7 163 ±2 1.2 2.74 ±0.18 6.6

30 7930 ±467 5.9 131 ±3 2.6 4.18 ±0.27 6.5

45 6523 ±43 0.7 110 ±1 0.7 5.13 ±0.43 8.3

60 5626 ±144 2.6 100 ±1 0.8 5.47 ±0.23 4.1

90 5621 ±249 4.4 96 ±2 1.6 5.02 ±0.35 7.0

PPS GF40 0 15,923 ±431 2.7 195 ±3 1.6 1.56 ±0.07 4.7

15 14,161 ±177 1.3 177 ±5 2.9 1.67 ±0.09 5.4

30 10,529 ±472 4.5 147 ±2 1.4 2.22 ±0.09 4.0

45 8813 ±277 3.1 122 ±2 2.0 2.16 ±0.06 2.9

60 7544 ±168 2.2 108 ±2 2.0 2.06 ±0.08 4.0

90 7376 ±238 3.2 100 ±3 2.8 1.83 ±0.08 4.5
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error (considering the von Misses shear strength) is with 4.5% smaller, in comparison with the test data for the 30�

orientation. For the PPS-GF40, the error is 7.6%. If we consider the Tresca shear strength, the prediction error is
with 14.3% and 16.8% smaller, in comparison with test data for the 30� orientation for PPA-GF33 and PPS-GF40
respectively.

The prediction in terms of rigidity, according to a previous study,11 can be made using the equation:

Eθ ¼ 1
E0

�
cos4 θþ 1

G12
�2ν12

E0
�

� �
sin2 θ cos2 θþ 1

E90
�
sin4 θ

� ��1

ð5Þ

The Poisson's ratio (ν12) for the two materials is 0.37 for PPA-GF33 and 0.41 for PPS-GF40. These data were provided by
the Solvay Group. The in-plane shear modulus is computed according to Equation 6, based on the Poisson's ratio and
the Young's modulus for 0�, 45�, and 90� orientation.

FIGURE 3 Tensile strengths test data function of orientation including the Tresca and von misses failure predictions for (A) PPA-GF33

and (B) PPS-GF40

FIGURE 4 Young's modulus function of orientation including the prediction for (A) PPA-GF33 and (B) PPS-GF40
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G12 ¼ 1
E45

�
� 1
E0

�
� 1
E90

�
þ2ν12

E0
�

� ��1

ð6Þ

A good correlation in comparison with the rigidity, computed according to the ISO-527-1,25 can be seen in Figure 4.
The prediction slightly overestimates the rigidity. A maximum of 3.9% overestimation can be seen for the PPA-GF33 for
the 60� orientation. On average, the prediction is with 1% (for the PPS-GF40) up to 1.3% (for the PPA-GF33) stiffer than
the test data.

5 | CONCLUSIONS

This paper aims to present an experimental study on the anisotropic behavior of two SFRP (PPA-GF33 and PPS-GF40)
conducted at room temperature and to calibrate the Tsai–Hill failure criterion. The main conclusions that can be drawn
are as follows:

• Good results were obtained from the tensile tests for both materials, if we consider the dispersion of the obtained
data.

• There is a big difference in terms of rigidity (Young's modulus) and ductility (strain at break) between the two mate-
rials. On average, PPS-GF40 is less ductile, with 50%, and more rigid, with 35%, in comparison with PPA-GF33. In
terms of resistance (stress at break), the differences are smaller (on average 8%).

• The rigidity prediction, based on transversal isotropic material hypothesis, under plane stress state, gives reliable
results. Differences below 4% can be identified for the two materials, in comparison with the test data. Using this
prediction, only three orientations need to be tested: 0�, 45�, and 90�.

• The strength prediction, based on transversal isotropic material hypothesis and Tsai–Hill strength criterion, gives
good results. Differences up to 8% can be seen if we consider the von Misses shear strength. If the Tresca shear
strength criterion is used, the difference increases up to 16%.

• When assessing failure prediction using the Tsai–Hill criterion for SFRC, the von Misses shear strength gives more
accurate results, in comparison with Tresca shear strength.

Future directions include assessing the behavior of these two materials under temperatures (considering a temperature
range from �40�C up to +120�C), calibrate a material model using Digimat software and validate the model using a
mechanical test on an injected part.
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